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A method for contactless measurement of electrical conductivity of Si wafers independent of wafer
thickness is presented. The effective region within which this proposed technique can be used is
discussed in detail, and an equation to determine the boundary of the effective region is introduced.
Three groups of Si wafers with different thicknesses were used as samples. A compact microwave
instrument working at 94 GHz was used to measure the samples without contact. The reflection
coefficient of the microwave signal was obtained and used to determine the electrical conductivity
of the wafers. The electrical conductivities of the wafers thus measured were in good agreement
with values obtained using a conventional four-point-probe method. This indicates that the proposed
technique is a powerful tool for contactless measurement of electrical conductivity of Si as well as
other semiconductor wafers independent of wafer thickness. © 2005 American Institute of Physics.
DOI: 10.1063/1.2105992The Si wafer is an indispensable material in the semi-
conductor industry and is widely used in various electrical
and electronic devices. To control the quality of the Si wafers
during the manufacturing process or during device fabrica-
tion, it is very important to measure the electrical conductiv-
ity of the wafers. Generally, a four-point-probe method is the
conventional technique used for conductivity measurements
due to its cost effectiveness.1,2 However, the sample can be
damaged or contaminated by mechanical contact with the
probe. In addition, thickness calibration is required in order
to quantitatively determine the conductivity. Normally,
the thicknesses of Si wafers, even those made from the
same ingot, are not constant and vary. Consequently, the
four-point-probe method is not ideal for determining the
conductivity of Si wafers.
Recently, the eddy-current method,3–5 which measures
small impedance changes of an inductive coil placed in close
proximity to a sample, has been used as a contactless method
for determining the conductivity of Si wafers. However, the
sensitivity of this method is still low, and it is necessary to
know the thickness of the wafer as well. Therefore, there is a
great need to develop a technique which can measure the
electrical conductivity of Si wafers in a contactless fashion
and independent of wafer thickness.
To satisfy such a requirement, we have previously dem-
onstrated a method using microwaves.6 Microwave can
propagate easily in air and it has an advantage that the sam-
ple’s response is directly related to the electrical properties of
the material. So far, in combination with a laser technique,
microwaves have been used to determine minority-carrier
lifetimes of Si wafers,7 and this technique is currently com-
mercially available. The technique employs a laser irradiat-
ing a wafer in order to excite excess carriers in the wafer,
while microwaves are used to measure the decay of the mi-
nority carriers due to recombination after the laser light is
shut off. The lifetimes are obtained by evaluating the mea-
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domain spectroscopy,8 frequency characterization of the
conductivity of Si wafers could also be performed.9
However, a technique to measure the electrical conduc-
tivity of Si wafers using microwaves has still not been estab-
lished. In our previous work,6 it was shown that when the
conductivity and the thickness of Si wafers are larger than
specific values, it is possible to measure the conductivity of
the Si wafers without contact, independent of the wafer
thickness. In this letter, the available region wherein the pro-
posed technique can be used is discussed in detail, and an
equation to determine the boundary of the effective region is
introduced.
The principle of the technique described here is based on
the interaction of microwaves with the Si wafers. When a
microwave signal irradiates a Si wafer, reflections occur at
both the top and bottom surfaces of the wafer due to the
discontinuity of the medium. Therefore, the microwave sig-
nal reflected from the wafer will be the sum of the two com-
ponents reflected from the top and bottom surfaces. Since the
reflected component from the bottom surface varies with the
thickness of the wafer, in general it would be expected that
the measurement results will be affected by the wafer thick-
ness. However, since the attenuation of the microwave in-
creases rapidly inside the wafer with increasing frequency,
the reflected component from the bottom surface can be de-
creased to a negligible value by using a high operating fre-
quency. Therefore, it becomes possible to only consider the
reflection from the top surface and the microwave response
signal is not affected by the thickness of the wafer. The con-
ductivity of Si wafers can thus be evaluated independent of
wafer thickness.
From Maxwell’s equations, by considering the reflec-
tions from both the top and bottom surfaces of a Si wafer, the
absolute value amplitude of the reflection coefficient, ,
can be written as© 2005 American Institute of Physics2-1
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0
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2 =
j

3
and
 =  + j = j1 − j	

. 4
Here, 0 and 0 are the permittivity and permeability of free
space, respectively,  , ,	 and d are the permittivity, perme-
ability, conductivity and thickness of the Si wafer,  is the
propagation constant for the Si wafer, and  and  denote
attenuation and phase constant, respectively. 1 and 3 rep-
resent the intrinsic impedance of free space and 2 is the
intrinsic impedance of Si wafers. Also,  is the angle fre-
quency and j=−1. Because Si is a nonmagnetic material, 
can be expressed as =0.
In the case of Si wafers,  and  can be considered to be
constant, therefore  can be obtained as a function of 	 and
d. On the other hand, by only considering the reflection from
the top surface of the Si wafer, the absolute value of the
reflection coefficient, s, can be written as
s = − 1 + 21 + 2  . 5
Here, s is a function only of 	.
Figure 1 shows the relationship between  , s and 	,
calculated using Eqs. 1 and 5, respectively, at a frequency
of 110 GHz, where the thickness of the wafer is 525 m and
=11.7 0. It can be observed that when 	 is larger than
80 S/m,  is approximately the same as s. This indicates
that the conductivity can be measured independent of wafer
thickness under such conditions. Graph a in Fig. 2 shows the
boundary of the region wherein the difference between 
and s is less than 1%. This is a numerical calculation result
obtained by changing the thickness of the wafer. From this
FIG. 1. Theoretical relationship between the reflection coefficient of the
microwave and the conductivity of the Si wafer for 525-m-thick wafers at
a frequency of 110 GHz, where  is the true reflection coefficient and s
is the surface reflection coefficient.graph, it is possible to determine 	 and d as the boundary
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can be measured independent of thickness. However, this
graph is only suitable for a frequency of 110 GHz. For other
frequencies, different graphs need to be calculated. In order
to determine such boundary conditions conveniently, an
equation which can determine the conditions to measure con-
ductivity independent of wafer thickness is obtained by ref-
erencing the concept of skin depth. From Eq. 4, the attenu-
ation constant  can be expressed as
 =
1
2
2022 + 	2 −  . 6
If e−2d=0.01, the microwave that penetrates inside the Si
wafer will be attenuated to 1/100th of its value at the top
surface after reflection from the bottom surface. In other
words, the microwave signal will be attenuated to 1/100th of
the original value by propagating to a distance of 2d inside
the wafer. In that case, since this reflected signal is relatively
very small, its value can be neglected. Therefore, here, 
will have the same value as s. We can thus realize mea-
surement of conductivity independent of the wafer thickness.
By substituting e−2d=0.01 into Eq. 6, the half value thick-
ness that we call is obtained as
d =
4.61
2022 + 	2 − 
, 7
where ln 0.01−4.61. The graph b in Fig. 2 shows the cal-
culations using Eq. 7 for a frequency of 110 GHz, where
=11.70. As shown in Fig. 2, the region determined by Eq.
7 graph b is slightly smaller than that obtained by the
numerical calculation graph a, and such a relation is always
tenable for any frequency. Even though the effective region
obtained using Eq. 7 is smaller than the actual region, Eq.
7 is very convenient to determine the effective region
within which the conductivity can be determined indepen-
dent of wafer thickness. It is to be noted that, although Eq.
7 is obtained by considering a perfect wafer, it is also valid
when there is a thin SiO2 film on the surface of the Si wafer,
because microwaves can completely penetrate the SiO2 film
without any attenuation. Equation 7 can also be used for
wafers that include a few microdefects such as point defects
or dislocations, since the microwave wavelength is suffi-
ciently larger than the dimensions of the defects. For wafers
with a distribution of conductivity due to a dopant gradient,
FIG. 2. The boundary of the region wherein the conductivity of the Si
wafers can be measured independent of thickness using microwaves.the average value of conductivity should be used.
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ried out using a compact microwave instrument. In order to
reduce the size and cost of the measurement instrument, we
have developed this instrument to replace the network
analyzer used in Ref. 6. The instrument has dimensions of
300
225
165 mm and its cost is similar to that of a four-
point-probe instrument. A continuous microwave signal with
a fixed frequency of 94 GHz is generated by a Gunn-diode
oscillator and is applied to the Si wafers through a horn
antenna. The diameter of the aperture of the antenna is 16
mm. After interacting with the wafer, the reflected signal is
received by the same antenna. A detector converts the re-
flected signal into an output voltage and a computer is em-
ployed to record the output voltage using an analog-to-digital
converter. Here, the output voltage is proportional to the
square of the amplitude of the reflected signal from the Si
wafer. The standoff distance between the antenna and the
wafer was fixed at 1.6 mm.
Three groups of 13 wafers with conductivities of 58-212
S/m were used in the experiment. Each sample was an n-type
Si wafer with a planar 100-oriented surface, and with a
diameter of 100±0.5 mm. One group had seven wafers, with
thicknesses of 525±25 m. The other two groups had three
wafers each, with thicknesses of 350±25 and 750±25 m,
respectively. A copper plate with a conductivity of 2.8

107 S/m, which is sufficiently higher than that of the Si
wafers, and with dimensions of 50
50
2 mm, was also
prepared. By measuring the reflected microwave signal, the
output voltage, vk, for the wafers and, vc, for the copper
plate, were obtained by the compact microwave instrument.
Since the conductivity of copper is sufficiently high, the mi-
crowave can be considered to be reflected perfectly from the
surface of the copper plate. Here vk and vc are proportional
to the square of the amplitude of the reflected signal from the
wafer and the copper plate, respectively. Thus, the absolute
value of the reflection coefficient measured for the wafers,
k, can be obtained as
k = vk/vc. 8
Since all the wafers satisfy the condition of conductivity
measurement independent of wafer thickness determined by
Eq. 7, we have = s. However, since the measurement
will include losses due to the effects of the antenna,
waveguides, and transitions, the value of k is not equal to
s. Therefore, calibration is required. Here, for the sake of
simplicity, the relationship between the conductivity of the Si
wafers and k was determined directly by using four wafers
with thicknesses of 525±25 m. The conductivities of these
reference samples were measured by the four-point-probe
method in advance. By using k measured for the four ref-
erence samples, the evaluation equation was obtained as
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Here, C1=2415.7,C2=−2517.1,C3=1113.0 and C4=
−154.7 S/m. For other wafers, by using Eq. 9 and the mea-
sured k, the electrical conductivity, 	m, obtained by the
compact instrument is shown in Fig. 3, 	d is the value mea-
sured by the four-point-probe method. It is observed that, for
all the wafers with different thicknesses, the electrical con-
ductivity was measured correctly independent of the thick-
ness. The good agreement indicates that the proposed tech-
nique is a powerful tool for measuring electrical conductivity
of Si wafers in a contactless fashion, independent of wafer
thickness.
It is to be noted that if the conditions of the measurement
are changed or if the Si wafer is replaced with other semi-
conductor wafers, the values of C1–C4 will also change.
However, by using four reference samples, these values can
easily be obtained and the conductivity of the wafers can be
determined. This method could also be used for measuring
electrical conductivity of GaAs and InP wafers independent
of their thickness. Since the instrument is small and is inex-
pensive, the technique has the potential to be used for deter-
mining electrical conductivity of semiconductor wafers on an
assembly line.
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